The article discusses the range and course of changes in the thermal regime of 14 rivers in Poland over the period . Eleven rivers are located in the Central European Plain, and the others flow in the foothills of the Carpathians Mountains. Statistical analyses take into consideration the results of daily measurements of water temperature carried out at 16 hydrological stations by the Institute of Meteorology and Water Management-National Research Institute. In the first part of the analysed period water temperature in most rivers declined in relation to its mean value for the entire study period . In 1987 there was a reverse trend: the temperature started rising. The fastest increase in water temperature was recorded in the western part of the study area, and it became slower towards the east. In the southern part of the study area (the foothills) changes of that kind were not observed. The mean yearly temperature of fluvial waters in the Central European Plain showed a positive trend, ranging from 0.17 to 0.27°C (10 years) -1 , whereas it did not change in the rivers in the foothills of the Carpathians Mountains. Its fastest rise was recorded in spring, and it reached from 0.08 to 0.43°C (10 years) -1 . The increase in water temperature correlated strongly with rising air temperature. The temperature of river waters in the lowlands is believed to be a good indicator of climatic changes.
Introduction
The global increase in air temperature in the 20th century was 0.74 ± 0.18°C (IPCC 2007) . It was particularly noticeable over the last 50 years during which high values of air temperature were recorded, especially at the end of that period. The increase in air temperature equalled 0.16°C per decade in the period 1956 -2005 (IPCC 2007 ). This process brought about changes in the global hydro-meteorological system. Consequently, the rise in surface water temperatures led to changes in the thermal regime of rivers. The influence of air temperature upon river waters has been documented in various articles (among others: Mohseni and Stefan 1999 , Pekarova et al. 2008 , van Vliet et al. 2011 , Garner et al. 2013 . Increasing temperatures of river waters bring about changes in their ecosystems (Magnuson et al. 1979 , Hillman et al. 1999 , Caissie 2006 .
The published works discussing changes in the temperature of river waters concern several major research problems. These include, among others: the rate of changes in the temperature of river waters and its relation to air temperature (Mohseni and Stefan 1999 , Gu and Li 2002 , Pekarova et al. 2008 ; the influence of changes in water temperature upon river ecosystems, including ichthyofauna in particular (Caissie 2006 , Hari et al. 2006 , Davie 2010 , Hudon et al. 2010 , Leuven et al. 2011 , Dugdale et al. 2013 ; the forecasts concerning the development of thermal conditions in rivers during various periods, even up to the end of the 21st century (Morrison et al. 2002 , Ferrari et al. 2007 , Jeong et al. 2013 , van Vliet et al. 2013 ; and the influence of natural and anthropogenic factors modifying the temperature of rivers, ground waters, forests, urban areas and artificial reservoirs (Sridhar et al. 2004 , Steel and Lange 2007 , Xin and Kinouchi 2013 . Current directions of water temperature research were presented by Webb et al. (2008) , who drew attention to the influence of anthropogenic activity upon thermal conditions of rivers and their thermal heterogeneity.
So far, a few studies have been published which account for very long series of water temperature measurements (approximately 100 years), among others for the River Danube and its tributaries (Webb and Nobilis 1995) and the River Hudson and Potomac (Kaushal CONTACT W. Marszelewski marszel@umk.pl HYDROLOGICAL SCIENCES JOURNAL -JOURNAL DES SCIENCES HYDROLOGIQUES, 2016 VOL. 61, NO. 8, 1430 -1442 http://dx.doi.org/10.1080 /02626667.2015 et al. 2010). There have been more publications covering a period of 50 years (among others: Yang et al. 2005 , Kaushal et al. 2010 . The problem of changes in the temperature of river waters has been researched most thoroughly for the last 30 years, i.e. since the end of the 1970s (Webb and Walling 1992 , Swansburg et al. 2004 , Hari et al. 2006 , Moatar and Gailhard 2006 . Big differences in the length of the analysed periods result from the availability of archival data from the particular regions of the world. This research aims to define the rate of changes in the temperature of river waters in the transitional zone of the temperate climate over a period of 50 years . Determining the stability of thermal regimes of rivers is essential due to, among others:
• current and expected climatic changes,
• protection of river ecosystems,
• fishery management,
• ice dams on rivers in certain regions of the world. Observations of water temperature have been carried out in Poland since around 1900. However, the oldest data are not continuous, and they come from few stations. The majority of observation stations opened after 1950. This study takes into consideration all the series of data for Poland from 1961 to 2010. There were no measurement breaks. The data concerning water and air temperature values were obtained from the Institute of Meteorology and Water Management -National Research Institute. The measurements of water temperature were conducted at the observation stations every day at 06:00 UTC so that uniform and comparable material could be applied to statistical analyses on the grounds of original data.
Methods
This study is based upon the results of the measurements of water temperature conducted on 14 rivers at 16 observation stations over the period (Fig. 1) . Moreover, it accounts for the results of the measurement of air temperature recorded at seven meteorological stations located closest to the particular hydrological stations. Statistical calculations were carried out for all the months of the year, for four seasons, for a cold half-year (i.e. from November to April), for a warm half-year (i.e. from May to October), and for all the years of the study period.
Trends in time series were estimated using two methods. The multiyear changeability of water temperature in rivers was evaluated on the grounds of the linear regression parametric test and the MannKendall non-parametric test. This method was adopted due to the limitations in applying linear regression which requires assumptions of distribution normality and values independent in a time series. Mann-Kendall's sum S is divided by the root of variance:
and sgn(x) = 1 for x > 0, 0 for x = 0, −1 for x < 0, where x denotes individual data series, and n denotes the total number of years in a time series. Obtaining significant results from the two tests was assumed to be a more convincing proof of undergoing changes in water temperature in a time series. If contrary results were obtained (one showing an existing trend and the other not) such a time series was considered without a trend (the rule of searching for strong changes in data). Out of all the time series such a situation occurred in four to five cases. The application of more than one test for the estimation of a trend is recommended (Robson et al. 2000) . The extent of the increase or fall in temperature of river waters was estimated using coefficients of simple regression directions.
The analysis of simple regressions does not allow for fluctuations or short-term oscillations in a time series. As a result, a method of the rescaled adjusted partial sums (RAPS) of series in relation to the multiyear value was applied: Figure 1 . Location of the observation stations.
where x t is an element of the studied series, x is the mean value of the studied series, σ x is the mean deviation of the series values, and n is the number of observations. The RAPS method makes it possible to detect trends and fluctuations in certain parts of a time series. Consequently, two fundamental sub-periods with different values of water temperature were distinguished in the analysed time series. In the period 1961-1986 temperature values were noticeably lower than in the period 1987-2010. The test of differences between means was applied in order to compare temperature differences in the distinguished sub-periods. This test verified the null hypothesis of the equality of the two means of water temperature in the two sub-periods: 1961-1986 and 1987-2010 . The Student t test for unrelated variables was used. In addition, homogeneity of variances was checked by the F test.
The adopted significance level for all the analyses was of p < 0.05. Pearson's correlation at the significance level of 0.05 was assumed as an indicator of the relationship between air temperature and the temperature of river waters.
Study area
The analysed rivers flow through Central Europe in the transitional zone of the temperate climate (between maritime and continental climates). Groundwater recharge dominates over surface waters in the total runoff (except for foothill rivers). In the period 1961-2010 regulation of rivers and management of particular basins did not undergo significant transformations. However, two big dams and artificial reservoirs were constructed on the rivers Dunajec and Vistula. The artificial reservoir on the River Dunajec is located approx. 150 km upstream of the water temperature observation station in Żabno, and the reservoir on the River Vistula is 230 km upstream of the observation station in Tczew. Big distances between the reservoirs and the observation stations exclude any potential influence of these bodies upon water temperature.
Runoff occurs permanently in the analysed rivers during the entire year. The River Leba shows the lowest flow of 6.03 m 3 s -1
, and the River Vistula the highest flow of 1060 m 3 s -1
. The most important data concerning the rivers and their catchment areas are presented in Table 1 .
It is worth noting that about 70% of water in Poland is used for cooling purposes. However, with respect to the analysed sections of the rivers, cooling waters do not have an impact upon their thermal regime. Undoubtedly such an influence could be noticed in the River Warta (from the power plant in Konin and Bełchatów), in the mouth section of the River Oder (the Lower Oder power plant), in the central section of the River Vistula (the Kozienice power plant), and in the Lusatian Neisse (the Turów power plant). These rivers or their sections were not analysed in this study.
Results
The mean yearly temperature in rivers ranged from 7.7 to 10.9°C in the period 1961-2010. The lowest temperature values were recorded in the rivers of northern Poland (Łeba: 7.7°C, Słupia: 8.7°C, Brda and Łyna: 8.9°C). These rivers flow through the young Fig. 1 ; L: length of river to water temperature observation station; A: area of the catchment to the water temperature observation station; MAD: mean annual discharge; q: specific discharge; T: total mean water temperature ; AN: anthropopressure (N: natural regime; QN: quasi-natural regime, Z: regime slightly transformed by hydrotechnical objects; ZZ: regime significantly changed by water mine).
glacial area. Their low temperature is related to the considerable share of groundwaters in the total runoff, which amounts to 80% on average. The highest mean yearly water temperature was recorded in the rivers of western Poland, in particular in the River Oder (from 10.4 to 10.9°C in its mid-and lower sections). The River Vistula in its lower section (Tczew station) showed slightly lower temperature 10.0°C. The mean temperature of rivers in the cold half-year (in the period 1961-2010) ranged from 2.4 to 5.0°C. The lowest temperature value was recorded in the lower section of the River Biebrza (2.4°C). This river flows through a vast marshland, where surface waters and shallow groundwaters cool down significantly during autumn and winter seasons. Low mean temperatures in the cold half-year were also recorded in other rivers flowing in east and northeast Poland, among others in the Bug (2.8°C) and Łyna (2.9°C). However, the highest water temperature values were in the cold half-year observed in the rivers flowing through the noticeably warmer western part of Poland, including among others: the River Oder (from 3.9°C in its lower section to 5.0°C in its mid-section), the Noteć and the Reda (3.9°C).
During the warm half-year the mean temperature of the rivers was more diverse and ranged from 11.4 to 16.7°C. Low temperatures-similarly to the mean yearly values-were observed in the rivers of northern Poland, intensely recharged by groundwaters: the Łeba (11.4°C), the Słupia (13.7°C) and the Brda (14.3°C). The highest temperature was recorded in the lower sections of the largest rivers: the Oder (16.8°C) and the Vistula (16.7°C). Examples of water temperature trends in the selected rivers are presented in Fig. 2 .
In order to distinguish periods with various trends of water temperature in the rivers, a method of accumulated differences of the mean yearly value from the mean values for the multiyear period 1961-2010 was applied. Between 1961 and 1986 water temperature was observed to decline with respect to the mean value for the period 1961-2010 in most rivers (except for the upper Oder, the Dunajec and the San). In 1987 the trend changed and water temperature began to increase ( Fig. 3(a) ). This phenomenon did not take place in the three aforementioned rivers (the Oder, the Dunajec, and the San), where water temperatures remained at a comparable level throughout the entire period of 50 years. The mean water temperature in all the analysed rivers in the period 1961-1986 was lower by 0.6°C as compared to the values recorded in the period 1987-2010.
The biggest increases were observed in the rivers flowing through west and northwest Poland (the midsection of the Oder, 0.9°C, the Noteć, 0.8°C, and the rivers of northern Poland, 0.7°C). The lowest increases were found in the foothill rivers, such as the Dunajec, the San and the Upper Oder. In the River Dunajec the water temperature fell by 0.1°C. Contrary to all the other rivers, changes in the foothill rivers were not statistically significant (Table 2) .
A method of accumulated differences was also applied for the cold and warm half-year periods. In the cold half-year, water temperature, similarly to the yearly values, was found to have declined until 1986 ( Fig. 3(b) ). From 1987 the water temperature trend reversed, and the temperature began rising. However, the Oder Racibórz, the Dunajec and the San rivers were the exceptions, as their temperature remained at a comparable level throughout the entire analysed season.
In the warm half-year up to 1986, water temperature decreased in all the rivers. The rate was varied, though ( Fig. 3(c) ). The lowest declines of temperature were recorded in the rivers flowing in the mountains and foothills. Conversely, the biggest increases were observed in the rivers flowing through the western part of Poland. The analysis of the course of water temperature in the rivers in the warm half-year draws attention to the period 1979-1995 when short periods of the decline and increase in water temperature interchange (see Fig. 3(c) ). During the fast increase in water temperature there was not such strong diversity between the particular rivers after 1995 as there had been at the start of the studied multiyear period.
Over the period of 50 years the vast majority of yearly and half-yearly time series reveal positive trends of water temperature. An increase in the mean yearly water temperature occurred in 13 out of 16 analysed stations, and ranged from 0.17 to 0.27°C (10 years) -1 (Table 3 ). The fastest increase in water temperature was observed in the western part of Poland. In the cold half-year period it oscillated between 0.14 and 0.30°C (10 years) -1 , and in the warm half-year period it ranged from 0.14 to 0.35°C (10 years) -1 . There were no evident regularities between the geographical location of a river and the rate of the mean temperature growth in the cold half-year period (November-April) and in the warm period (May-October).
A greater diversity of changes in water temperature occurred in the particular seasons of the year (see Table 3 ). The most positive trends of water temperature were observed in spring and summer (in 13 out of 16 analysed stations), and the least in autumn (in three out of 16 stations). During autumn there were also negative trends of water temperature in the foothill rivers (the Dunajec and the upper section of the Oder) of a value of -0.31°C (10 years) in the western part of Poland and it declined eastwards to 7°C (Fig. 4, see Fig. 1 ). In the analysed period ). The highest number of statistically significant increases in air temperature were observed in summer (July and August): from 0.57°C (10 years) -1 at Rzeszów to 0.26°C (10 years) -1 at Białystok (see Table 4 ). Moreover, positive trends were also recorded in spring (particularly in April), from 0.54°C (10 years) -1 at Koszalin to 0.29°C (10 years) -1 at Białystok.
Positive trends of changes in air temperature were observed in the winter season. Besides, during autumn (particularly in October and November) air temperature did not show any significant changes and remained similar to the multiyear mean value (see Table 4 ).
Discussion
The literature on the subject and personal observations lead to the conclusion that air temperature is the main 1961-1986 and 1987-2010 factor influencing changes in water temperature in rivers (among others Webb et al. 2003 , Garner et al. 2013 . The relationship between air temperature and water temperature was examined for the analysed hydrological stations on rivers and most closely located meteorological stations (see Fig. 1 ). In all cases statistically significant correlations were found between mean annual air and water temperature values, ranging from r = 0.78 to 0.89 ( ). Despite this, the influence of mining waters can be observed in the mean temperature of the Oder water in the cold half-year, when the water temperature at Racibórz equals 5°C; this is 1°C higher than at the next hydrological station, Ścinawa, which is located downstream. This phenomenon differs from the thermal regime of other rivers running from the mountains in Poland in which water temperature rises with their course. Pollutants found in wastewater discharged in the industrial region of Silesia may have a considerable impact upon the thermal regime of the River Oder.
In the particular seasons of the year, the highest correlations were recorded in spring (from r = 0.81 to r = 93), and lower ones in autumn and winter (from r = 0.61 to r = 0.81). The lowest correlation values were observed in December and January (from r = 0.48 to r = 0.75). This is related to the duration of the period when the water temperature stays at 0°C, and when air temperature goes down to several and often dozen or so degrees below 0°C. Symbols as in Table 3 .
The presented results of the investigations lead us to conclude that the biggest diversity in the correlation values is characteristic of shorter periods of time (e.g. a month), whereas this diversity is smaller when longer periods (e.g. a half-year period or a year) are considered.
The analysis of the similarity of seasonal patterns in trends of water and air temperature values indicates their high correlation in most cases (see Tables  3 and 4 ). The convergence of positive trends occurred most frequently in April, July and August. For most hydrological stations the increase in water temperature in May corresponded to a rise in air temperature. The rivers Łyna and Słupia were the exceptions: their water temperatures rose, while air temperature did not rise noticeably at the meteorological stations located nearby. The convergence of trends of water and air temperature was observed for longer periods in almost all the analysed rivers, particularly in spring and summer seasons, and also in the cold half-year, the warm half-year, and the entire year. Conversely, there was no complete convergence in trends from December to March, which results from an insignificant increase in air temperature. It must be noted that most directional trend values of air temperature in winter months are at the limit of statistical significance (p < 0.05). Morevoer, it must be stated that the rivers in the Central European Plain show ice phenomena in winter (including ice cover). This has a considerable impact upon the stability of water temperature at around 0°C despite a larger fall in air temperature, even below 0°C.
The study area is located in the transitional zone of the temperate climate with properties that are characteristic of the temperate maritime and temperate continental climates. Only its southern part remains influenced by the sub-mountian climate (the Carpathians and the Sudeten Mountains). Varied conditions of the natural environment lead to the differences in the courses of river temperatures.
The increase in temperature of fluvial waters was strongly connected with the increase in air temperature (see Tables 3 and 4) . However, the growth of fluvial water temperature was lower most frequently by 0.04-0.08°C (10 years) -1 as compared to air temperature; and in the Słupia and Leba rivers the difference was nearly 0.16°C (10 years) -1 . Considerable recharging of these two rivers with groundwaters results in the low temperature of these and neighbouring river waters. Consequently, these river waters have the lowest mean yearly temperature values (see Table 1 ).
In general, the fastest rate of increase in water temperature was recorded in the western part of the study area, and it slowed down towards the east. This results from a more frequent inflow of warm and humid air masses from the Atlantic Ocean, particularly in the cold half-year, and from higher values of air temperature in summer months.
The increase in water temperature in the rivers flowing through the Central European Plain, which mainly occurred after 1988, results from a more frequent inflow of warm air masses from the Atlantic Table 3 .
Ocean, particularly in spring and winter. This is illustrated by the positive annual values of the NAO (North Atlantic Oscillation) index that were observed in 14 of the years during the period of 23 years (Hurrell and National Center for Atmospheric Research Staff 2014). Consequently, the highest increases in water temperature were recorded in the Central European Plain, particularly in spring. The highest increase in water temperature was observed in April in the River Biebrza, in the eastern part of Poland. This situation results from the physical and geographical conditions of the drainage basin, including vast areas of marshland and pools where water temperature rises fast. The analysis of water temperature in the River Oder at three stations located at 589 km (see Table 1 and Fig. 1) showed varied rates of increase in the particular sections. The temperature of water at the Racibórz station, which ends the mountainous section of the Oder catchment, did not change in the studied period. In contrast, the Ścinawa (mid-section of the Oder) and Gozdowice (lower section of the Oder) stations recorded an increase in mean yearly water temperature from 0.24 to 0.27°C (10 years) -1 (see Table 3 ). This is confirmed by the influence of both local climatic conditions of the mountainous part of the Oder drainage basin and general circulatory climatic conditions prevailing there.
Unequivocally, water temperature increase was found in 13 out of 16 hydrological stations. In the case of foothill rivers (Dunajec, San, Oder at Racibórz), an increase in water temperature was not observed, contrary to air temperature. This may result from the location of meteorological stations. These stations are at located slightly lower altitudes (with respect to the mean altitude of the catchment), and may not entirely represent the climatic conditions of the foothill river catchment areas. Yet, the thermal conditions of foothill rivers are influenced by air temperatures prevailing in the biggest part of the catchment. That temperature is most frequently lower by several degrees and shows greater dynamics of changes. However, detailed research of the question appears problematic as it is difficult to find a meteorological station that is representative of the entire river catchment area. Due to anthropopressure, the formation of the thermal regime of the River Oder at Racibórz is a more complex problem which has been mentioned previously.
It is interesting, though, that despite the different properties, geological structure and catchment management of the analysed rivers the rate of increase in water temperature was similar to other observed rivers, both in and outside Europe. Such a conclusion, however, may be formulated in a general manner. The varied lengths of observation periods considered in the published articles on this subject lead to research difficulties. It is also noticeable that the increase in water temperatures in the 20th century, excluding the last 10 years, was smaller as compared to the period between the 1990s and the start of the 21st century, when there was the fastest increase in air temperature. In the period 1901-1990 water temperatures rose by 0.05 to 0.11°C (10 years) -1 on average (Webb and Nobilis 1995) -1 in summer (Durance and Ormerod 2007) . The rate of changes in water temperature in the analysed rivers is, thus, more complex (Table 6 ). Water temperatures in the rivers flowing through the Central European Plain rose 0.21°C (10 years) -1 on average in the period 1961-2010, faster in spring (0.31°C (10 years) -1 ). No significant changes in the mean, yearly temperature of water were found in the case of the rivers flowing in the foothills of the Carpathian Mountains; an increase was documented only in the summer season (0.15°C (10 years) -1 ). Earlier, the mean yearly water temperature in the plain rivers did not change in Scotland, for example (Langan et al. 2001) .
Finally, it is worthwhile underlining that the presented changes in water temperature did not result (Wrzesiński 2009 ). Changes in water temperature of the analysed rivers (except for the upper section of the Oder) are not caused by anthropopressure. As already mentioned, this study took into consideration only rivers of mostly natural regime or quasi-natural regime (see Table 1 ).
Conclusion
Changes in river water temperature, which involve mainly its rise, are observed in almost all the European Lowland rivers that have been studied so far. The same can be said about rivers in North America and other regions of the world, for instance South and East Asia. These changes are mainly caused by rising air temperature, particularly after 1987. The rate of changes is varied, though, and depends upon natural and anthropogenic conditions which prevail in the river catchment area. In the case of the Central European Plain, particularly postglacial areas, the inflow of groundwaters (of a relatively stable temperature ranging from 9 to 11°C) plays a significant role in the development of river thermal conditions. In those cases, water temperature increases at a slower rate, particularly in the warm period. Marshlands and lakes are also factors influencing changes in river water temperature. The studied problem is more complex with respect to mountain and foothill rivers. These rivers were observed to have both positive and slightly negative trends of water temperature in various parts of Europe. In the analysed foothill rivers (the San, the Dunajec and the upper section of the Oder) there was no increase in water temperature. In the Upper Oder, anthropopressure is the main factor limiting increases in water temperature. With respect to other foothill rivers the main restraints come from modifications of climatic conditions by local factors, and also from orographic obstacles hindering the inflow of air masses connected with the NAO to mountain and foothill rivers. Besides, different physical properties of mountain and foothill river waters (e.g. water transparency, flow velocity and a type of river bed) are also important.
The conducted analyses also prove that different sections of a river may have different trends of water temperature. The River Oder serves as a good example here. In the upper (foothill) section of the catchment, up to the Racibórz station, the mean yearly water temperature did not change over the period 1961-2010. Minor modifications were observed only in a particular month or sometimes some seasons of the year. These changes, however, were not statistically significant. Conversely, at the stations located in the central and lower (lowland) sections, these changes in temperature were very noticeable, and in fact, among the largest of all the studied rivers.
Regardless of the differences between the scale of changes in water temperature of the lowland and some mountain rivers, the river thermal regime may be considered an indicator of climatic fluctuations.
Further expected increases of water temperature may lead to even bigger changes in river ecosystems, as has already been discussed (for example, Caissie 2006 , Hari et al. 2006 , Davie 2010 , Leuven et al. 2011 . In most cases the increase in water temperature will bring about negative effects in future. However, shorter and rarer periods with ice cover on the rivers (e.g. on the rivers Oder and Vistula) will lower the costs of maintaining the waterways that are related to the removal of ice by ice-breakers.
It is difficult to hinder the process of increasing river temperatures. The proposal to introduce protection zones by tree planting along river channels (Sridhar et al. 2004 ) seems possible only in the case of small and narrow rivers. The problem of water temperature in rivers requires further detailed research, including monitoring. This may lead to the development of more effective methods to limit the increase of temperature in rivers endangered by this process.
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